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Much has happened since the last V-Gram, in
July 1991. The second mission cycle, from mid-May 1991
through mid-January 1992, was successful in acquiring
radar images for 54% of the planet. Cumulative planet
coverage, which was 84% at the end of the first mission
cycle, rose to 96% at the end of the second mission cycle
and 98% at the end of the third, when imaging was stopped.
The remaining tape recorder performed flawlessly. In
addition, the "loss-of-signal" events were traced to a subtle
bug in the flight software. That bug was fixed in early
July 1991, and no more of these "loss-of-signal" events
have occurred since.
Mission Cycle 2 was conducted in that portion of the
Venus orbit where operations were affected by the geom-
etry relative to the Sun. In particular, the spacecraft elec-
tronic bays were heated by solar illumination during the
data playbacks, which occupy two hours of each 3.25-hour
orbit. The spacecraft was cooled by pointing the large high-
gain antenna toward the Sun to shade the rest of the
spacecraft. Since data on the tape recorder cannot be
relayed to Earth during these Sun-pointing periods, the
typical mapping swath in Cycle 2 was about half that for the
first mission cycle. Most of the southern half of Venus was
mapped in a right-looking geometry, allowing southern
areas not mapped in the first mission cycle to be seen for the
first time during Cycle 2. Areas mapped in the first mission
cycle were observed for a second time in a right-looking
geometry that complemented the left-looking geometry of
the first cycle.
A successful stereo test in mid-Cycle 2 pointed the
way for Mission Cycle 3. An 8-orbit test on July 24, 1991,
showed that Magellan could revisit mapped areas with a
different left-looking geometry and create the equivalent of
photogrammetric stereo pairs (similar to a standard Earth
mapping technique that uses multiple photographs from
high-flying aircraft). Thus, the objective for the third mis-
sion cycle (mid-January to mid-September 1992) was to
obtain as much stereo coverage of Venus as the spacecraft
and ground systems would allow. Stereo image data are
discussed further in the accompanying article by Jeff Plaut,
"Magellan Stereo Image Data."
The end of Mission Cycle 2 was punctuated by a
failure of the downlink transponder on January 4, 1992.
Transponder A failed such that the downlink X-band signal
had no modulation; no high-rate radar data could be trans-
mitted back to Earth. The radar data playback was switched
to the backup Transponder B (Tx-B), which had been used
until March 1991, when it had deteriorated. Radar data
downlinks with Tx-B during the third mission cycle, from
mid-January until mid-September 1992, had both successes
and failures. In February and March, Tx-B transmitted
good data at 115 kilobits/second instead of 268 kilobits/
second, when the transponder was at high and constant
temperatures. In April, the spacecraft passed through the
shadow of Venus during the apoapsis portion of the orbit,
when Magellan travels relatively slowly. The spacecraft
was shaded for up to 58 minutes in each 3.25-hour orbit.
Since Magellan was first heated by the Sun and then
plunged into total darkness, the spacecraft temperatures
could not be stabilized. The transponder performance dete-
riorated and data were lost until these solar occultations
passed. About three weeks later, in early May, personnel at
the Deep Space Network (DSN) discovered that small
changes in receiver phase lock loops greatly improved our
ability to capture the relatively weak signals that Magellan
was broadcasting. The combination of constant tempera-
tures and the ground phase adjustments resulted in the
collection of good radar data.
Successful downlinks lasted until early June (mid-
Cycle 3), when Venus entered its second superior conjunc-
tion. Venus and the Magellan spacecraft passed behind the
Sun for 36 hours on June 12-14. Previous experience with
our first superior conjunction in October and November
1990, however, indicated that we could not communicate
reliably with the spacecraft, and radar operations were
suspended for the first three weeks of June 1992. Although
good downlinks were being obtained until we ceased
operations for superior conjunction, the transponder mys-
teriously deteriorated during those three weeks when map-
ping was suspended. Routine radar mapping was not pos-
sible when operations were restarted in early July. Only a
few passes with DSN's large-aperture 70-m antennas were
obtained; an area near the Stowe crater was successfully
observed. This was an area that appeared significantly
different in the left-look images versus right-look ones. The
Cycle 3 views matched the Cycle 1 images, confirming that
the Venusian surface did not change and that backscatter
can be highly dependent on the look direction.
Radar mapping was deliberately suspended again in
mid-July in the hope that further rest might preserve enough
transponder life to observe the last major gap in data
coverage. The southern area from 315 ° to 330 ° longitude
had eluded our efforts on three previous attempts. This area
was missed right after orbit insertion when the "walk-
abouts" and 'qoss-of-signal" events occurred late in Au-
gust 1990 and delayed the start of mapping by two weeks.
Then, this area was missed again in May 1991, when we
had to shorten the radar mapping periods to keep the















The time has come to give the radar a rest and set our
sights on Magellan's other objective of understanding the
structure and dynamics of the interior. Thus, the fourth
mission cycle, from September 15, 1992, until May 25,
1993, is devoted to making gravity observations for 360 de-
grees of longitude. An Orbit Trim Maneuver (OTM) was
performed on September 14, 1992, to improve these mea-
surements. A 54-minute thruster burn slowed the space-
craft, allowing the gravity of Venus to pull Magellan's orbit
closer to the planet. Periapsis, the point of the orbit closest
to the surface, was lowered from 258 km to 184 km. The
orbit period was shortened by 62 seconds, and periapsis
will drift lower by 20 km over the duration of the cycle. The
apoapsis (the highest point in the orbit) remains at 8,450 km.
Cycle 4 will be extended to May 25 to repeat gravity
measurements that were degraded by the passage of the
radio signal through the Venusian atmosphere.
Gravity observations during Mission Cycle 4 are
being conducted by observing minuscule changes in the













spacecraft's velocity. The large high-gain antenna is pointed
toward Earth instead of Venus during Magellan's orbit.
Observations of the Doppler shift of the signal, with its high
frequency (X-band, 3.6-cm wavelength), relatively high
power, and large antenna, provide a measurement of space-
craft velocity. Variations as small as 0.1 mrn/second can be
detected. Spatially, a surface mass equivalent to a mountain
300 km in diameter and 1 km high nudges the spacecraft
enough to be detected within 20 degrees of periapsis.
Magellan's mapping of the gravity field for 360 degrees of
longitude will help geophysicists understand the distribu-
tion of mass within the planet, along with processes that
occur in the mantle. Additional comments about the gravity
experiment are given in the accompanying article by Bill
Sjogren, "'Magellan Gravity."
The spacecraft is in good health. The batteries were
reconditioned in September 1992, following the periapsis
lowering maneuver, and the gyroscopes were calibrated in
mid-November 1992. Also, the spacecraft has over 90 kg
ofhydrazine rocket fuel remaining (of the 120 kg that it had
at launch).
The radar data from the first three mission cycles are
now available, on various media and in various distribution
modes, to the general public, educators, and the scientific
community. Over 1100 radar mosaics are available at the
National Space Science Data Center (NSSDC). More than
300 pictures have been publicly released, and several
Magellan flyover videos are available. Also, the results of
the radar mapping are contained in the August and Octo-
ber 1992 issues of the Journal of Geophysical Research
(JGR)- Planets. These results are outlined by Steve
Saunders in "Summary of Magellan Science Findings," in
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Figure 1. Magellan primary and extended mission plan.
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Under the current plan, the Magellan mission will
end within a few months after the conclusion of Cycle 4.
The spacecraft will perform an aerobraking experiment in
which periapsis will be again lowered, this time using the
atmospheric drag to alter the orbit. If successful, the orbit
will become more circular over 70 to 100 days without
overheating critical spacecraft parts.
The resulting circular orbit would be useful for
gathering high-resolution gravity data near the polar re-
gions of Venus. But if additional operating funds are not
available, Magellan will be abandoned in Venus orbit,
mission operations will cease, and the project will officially
end by the close of Fiscal Year 1993.
Unlike spinning spacecraft such as the Pioneer Ve-
nus Orbiter, which lasted for 14 years in Venus orbit, the
Magellan spacecraft cannot survive for long without up-
dates to its onboard computer systems. Overheating will
probably destroy some critical subsystem, and the craft will
go silent forever, eventually burning up in the dense atmo-
sphere of Venus.
Magellan has far exceeded its mission and science
objectives, and has demonstrated that low- to medium-cost
planetary missions can be successful in providing us with
important new information about our Solar System.






This article briefly summarizes some of the science
findings of the Magellan mission. More complete discus-
sions can be found in the August and October 1992 issues
of the Journal of Geophysical Research (JGR) - Planets.
The August issue's lead article (by R. Stephen Saunders et
al.) summarizes the Magellan mission and the science
findings. The Magellan mission's scientific objectives
were to ( 1) provide a global characterization of land forms
and tectonic features; (2) distinguish and understand im-
pact processes; (3) define and explain erosion, deposition,
and chemical processes; and (4) model the interior density
distribution. All but the last objective, which requires new
global gravity data, have been accomplished, or we have
acquired the data necessary to accomplish them.
To meet these objectives, synthetic aperture radar
(SAR) imaging and altimetry measurements were acquired
over 98% of the planet. Several kinds of images were
obtained in order to provide the best information for the
interpretation of the iandforms. During the first 243-day
cycle (one Venus rotation), an incidence angle, or look-
angle, profile was used that maximized the image cover-
age, resolution, and overall quality everywhere along the
orbit. This profile caused the incidence angle to vary from
about 15° near the polar regions to 45 ° at the equator. In the
first cycle, we mapped 84% of Venus, more than meeting
the mapping objectives. In the second mapping cycle, data
collection was restricted in order to control spacecraft
temperature. Much of the mapping was done at a constant
incidence angle, and looking to the right (toward the
west)---in the opposite direction from that of Cycle 1. In
addition, in Cycle 2, some of the major gaps were filled
with the same profile as was used in Cycle 1. In Cycle 2, we
also conducted a successful test of a stereo mode in which
the surface was viewed at a slightly different angle than that
in Cycle 1. The stereo was so useful that we decided to
devote much of the third mapping cycle to acquiring stereo
images. All of the radar image data were processed at the
Jet Propulsion Laboratory (JPL) in a complex flow that
began at the Deep Space Network (DSN) stations at Gold-
stone, California; Madrid, Spain; and Canberra, Australia.
Ray Piereson managed the JPL activity in the SAR Data
Processing System and the Image Data Processing System.
In addition to images and altimetry, we acquired radiom-
etry data simultaneously with images. The radiometry is a
measurement of the radio emission of the surface at the
radar wavelength. This radio emission varies from place to
place due to variations in surface properties (e.g., compo-
sition). Gordon Pettengill, head of the radar team, and Peter
Ford accomplished the gargantuan task of processing all
the altimetry and radiometry data.
Imaging was terminated at the end of the third cycle.
Gravity data are being acquired during Cycle 4 by pointing
Magellan's high-gain antenna at the Earth and recording
changes in the radio signal's Doppler shift. From these
changes, we extract the slight accelerations of the space-
craft as it orbits Venus. Gravity maps are then produced that
provide information on density variations in the planet's
interior. Because the antenna is pointed at the Earth, the
acquisition of image and altimetry data is precluded.
One of the Magellan objectives was the acquisition
of data for geodesy. Geodesy includes the determination of
a planet's shape (originally that of the Earth), its gravity
field, its rotation, and the position of its pole of rotation.
With Magellan data, Mert Davies was able to determine the
rotation period of Venus much more precisely than was
previously known (243.0185 +0.0001 days). The north
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poleisatrightascension272.76° + 0.02 ° and declination
67.16 ° + 0.01% The planet's mean radius is 6051.84 km,
with the highest point being 6062.57 km and the lowest
point 6048.0 km.
The basic framework for Venusian geology was
compiled by the Pioneer Venus Team. The results of this
mission were reported in 1980 by Hal Masursky and the
rest of the Pioneer Venus radar team. In addition, scientists
led by Valeri Barsukov and including Alexander Basilevsky
analyzed Venera 15 and 16 image data. Their assessment,
published in 1986, of the global importance of plains and
highlands has been shown to be basically correct.
Venus can be subdivided simply into surfaces that
appear to be mostly volcanic plains dotted with thousands
of individual volcanic constructs and tectonically deformed
highland plateaus. Volcanic plains, generally lowlands,
make up about 85% of the planet. The remaining 15% are
highlands, dominated by complex ridge terrains, some-
times referred to as tesserae. Duane Bindschadler has led
the study of highland plateaus, which appear to be charac-
Figure 1. Located to the west of Phoebe Regio, this unnamed 2-km-high volcano is centered at 12.5°S latitude, 261 °E
longitude. It straddles a narrow fracture system that is probably extensional in origin. Lava flows radiate for
distances of hundreds of kilometers from this volcano and appear both bright and dark to the radar, indicating










haveformedfrom infilling of the original
cratercavityby impactmeltand/orby lavas.
Emplacementofhummockyejectatothesouth-
eastof thecraterrim appearsto havebeen
impededbypre-existingridges.(P-41461)
Figure3. ThecraterIsabella,thesecond-largestimpact









is overlainby depositsfrom alater,20-km-
diameterimpactcrater,Cohn(namedforCarola












































































































Figure4. A 200-km-longsegmentof asinuouschannel,





























































slopesin excessof 20° to 30° overscalesof tensof
kilometersindicatesactivetectonics.Deformationisdis-
tributedacrossbroadzonesonVenus,unlikeontheEarth,


















































































in the lower right and upper right part of the image. The geologic history of this area is characterized by: (1)
early fracturing and formation of the tesserae and impact crater; (2) lava flooding, forming extensive dark





















































































between17° and 30 ° south latitude, and 5 ° to 53 ° north on
smooth plains. Streaks are usually associated with deposits
from nearby impact craters and with debris within some
tectonically deformed terrains. Wind streaks are generally
oriented with the downwind direction toward the equator,
consistent with the Hadley model of atmospheric circula-
tion. Other eolian features discovered include dune fields
and possibly yardangs.
Ray Arvidson conducted a broad study of Venusian
surface processes. Arvidson and the members of his team
found evidence for weathering, mass wasting, and eolian
activity operating on a continuous basis. Stratigraphically
young flows in Sedna Planitia have radar signatures similar
to those of terrestrial a'a and pahoehoe flows; older flows
have backscatter characteristics akin to those of terrestrial
flows degraded by weathering or buried by eolian deposits.
The parabolic crater deposits, made up of fine debris
distributed by high-speed zonal E-W winds, are deter-
mined from their microwave properties to be centimeters
thick. High radar reflectivity in most of the highlands





surfaceprocessesi ontheorderof 10-2pro/year. This is
comparable to rock erosion rates on Mars.
Gordon Pettengill and Peter Ford have worked with
the radiometry data and confirmed their previous findings
for the presence of areas of extremely low values of radio-
thermal emissivity. Some values are as low as 0.3. The
global mean value of emissivity is 0.845, corresponding to
a dielectric permittivity of 5.1, a value consistent with dry
basaltic surface material. Possible explanations for anoma-
lously low values of emissivity are (1) an interaction at the
interface between the atmosphere and a high-dielectric
permittivity medium such as metal-bearing mineral depos-
its, or (2) multiple scattering from within the volume of a
very low loss, near-surface medium containing many sharp
discontinuities. Smaller variations in emissivity (over the
interval from 0.8 to 0.9) may be due to differences in
surface roughness, density of the material, or composition.
Mike Malin has identified rock slumps, rock or block
slides, rock avalanches, debris avalanches, and debris
flows (there is little evidence for regolith and sediment
movements) in areas of high relief and steep slopes. The
features are most common in troughs or graben. Venusian
landslides typically come from escarpments higher than
those on Earth; they are larger than terrestrial subareal
landslides but smaller than Martian ones. Oversteepening
Figure 7. Sapas Mons, named after a Phoenician goddess, is displayed in this computer-generated perspective.
Magellan SAR data are combined with radar altimetry to develop a three-dimensional map of the surface. The
view is to the north, with the volcano at the center of the image, located at approximately 0.9°N latitude, 188°E
longitude. Sapas rises 3 km above the mean surface, with radar-bright lava flows extending for hundreds of
kilometers into dark, smooth plains. Many of the flows appear to have erupted from sources on the flanks of
the volcano rather than from the summit. Flank eruptions are common at large volcanoes on Earth, such as












Areas with unusually high dielectric constants occur
at high elevations above a threshold elevation that varies
from 4.75 km above the mean planetary radius at Maxwell
Montes to < 0.6 kin. Brennan Klose believes that the ab-
sence of highly reflective material at the 8-km-high summit
of Maat Mons suggests the lavas have not had sufficient
time to weather and thus may have been recently emplaced.
Len Tyler led a group that determined backscatter
functions from the Magellan image and altimetry data.
Empirically derived backscatter functions for incidence
angles less than 4 ° to 10° have been derived from Magellan
altimetry radar echoes. Root mean square (RMS) slopes
can be derived with these functions.
It is not possible to name all the hundreds of people
who contributed to these preliminary interpretations. I have
tended to identify first authors, but we should recognize
that many co-authors and associates contributed to the
work in countless discussions and with generous sharing of
ideas and hard work.
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EXCERPT FROM "ACQUISITION AND
ANALYSIS OF MAGELLAN GRAVITY DATA"
(FROM V-GRAM 14)
M. Ananda, G. Balmino, N. Borderies,
M. Lefebvre, B. Moynot, W. Sjogren, and N. Vales
Introduction
Gravity data, as discussed here, are measurements of
small variations from the total acceleration acting on an
orbiting spacecraft. When a spacecraft is relatively close to
a massive body like Venus, it experiences nonuniform
accelerations due to surface irregularities and/or density
variations within the planet. Speed variations can be deter-
mined by precisely measuring the speed of the spacecraft
every few seconds with an Earth-based radio tracking
system. These changes in speed are accelerations, or grav-
ity measurements. Their peak amplitudes are less than
1 mm/second 2 (100 milligals). The raw-speed measure-
ment, made between the Earth-based antenna and the
orbiting spacecraft, contains many large motions which
must be removed a priori before gravity field signatures can
be extracted. These motions include: the rotation of the
Earth (400 m/second), the relative motion of the Earth with
respect to Venus (30 kin/second), and the primary orbital
motion of the spacecraft around Venus (8.2 km/second).
Additional factors that must be considered are signal transit
times, effects of the Earth's troposphere and ionosphere,
solar radiation, solar- and planetary-body perturbations,
and relativistic effects.
The closer the spacecraft is to the surface of the
planet, the better will be the Doppler data sensitivity to
mass variations. A rough rule of thumb is that the feature
resolution will be approximately equal to the spacecraft
altitude. Therefore, the smallest detectable gravity feature
that Magellan will resolve will be about 200 to 250 km.
Doppler Data System
The acquisition of gravity data is accomplished via
the Deep Space Network Tracking System, which uses the
radio antennae located at Goldstone, California; Madrid,
Spain; and Canberra, Australia. The system also uses the
transponder onboard the Magellan spacecraft. A radio
signal is transmitted from the Earth, is received at the
spacecraft's transponder, and is then retransmitted to the
antenna on Earth. The received signal is differenced with
the very stable signal that was initially transmitted; the
difference represents the Doppler data that are used for
gravity field analysis. JPL's Navigation Team uses the
same data to estimate the spacecraft's orbital position. It is
the fine structure left in the Doppler residuals, once the a
priori motions and estimated spacecraft orbital motion
have been removed, that provides the information for
gravity field estimation.
The heart of the system is composed of the very
stable oscillators at the tracking station sites. The oscilla-
tors are hydrogen masers that are accurate to better than 1
part in 1013 over the integration times. This stability allows
the extraction of gravity measurements to approximately
the l-milligal level (.01 mm/second 2) at the spacecraft
altitude. Another important feature of the Magellan system
is the use of the X-band uplink frequency (8.3 × 109 cycles




Biographies for M. Ananda, G. Balmino,
N. Borderies, M. Lefebvre, B. Moynot, W. Sjogren, and
N. Vales appeared in the March 1986 V-Gram.
MAGELLAN GRAVITY
William Sjogren
Magellan Gravity Investigation Team,
Principal Investigator
The gravity investigators and geophysicists on the
Magellan project obtained their first high-resolution data
set after waiting patiently for over two years. On Septem-
ber 14, 1992, the periapsis altitude of the Magellan space-
craft was lowered to 182.5 kin. Doppler gravity data through
periapsis are being acquired continuously until May 25,
1993, when 360 degrees of longitude coverage will be
completed.
The reason for this long delay was partially ex-
plained in V-Gram 14, but the primary change to that
original schedule has been the need to maximize the SAR
+20.0
imaging data before there was a failure in the complex SAR
imaging system. In hindsight, it appears that the project
took the correct action, for indeed the telecommunication
system for sending the data was very near complete failure
<
by the end of Cycle 3. When SAR data are acquired, the = 00
high-gain antenna is pointed toward Venus and precludes
the acquisition of high-resolution gravity data.
Just prior to periapsis occultation in Cycle 3 (April 22-
May 11, 1992), X-Band Doppler data through periapsis °a
were acquired during 16 orbits. These data provide only a
very limited sample of gravity coverage, but they do allow
us to evaluate and compare the data quality with previous +20.0
S-Band data coverage from the Pioneer Venus Orbiter
(PVO) over this same region of Venus. The top half of _._
Figure 1 showsthe Doppler residuals from PVO's S-Band E
system, while Doppler residuals from Magellan's X-Band
system are displayed in the bottom half. The systematic -_ 00
signatures are due to gravitational effects. Both residual _,-
rr
plots are at the same vertical and horizontal scales and over
approximately the same terrain. It is obvious that the
£3
Magellan data are far less noisy than the PVO data (by a
factor of 10) and reveal subtler systematic effects. The
PVO data have larger amplitude signatures because the
PVO spacecraft was 100 km lower than Magellan and was
therefore perturbed much more by the planet's lateral mass
distribution. Even so, the small-scale anomalies in the
Magellan data are easily detected, whereas in the PVO data,
they are lost in the noise. Since Magellan has now lowered
its periapsis altitude, its Doppler data amplitudes are com-
parable to those of PVO. Magellan altitudes are now lower
than PVO's in the higher latitudes due to an orbit eccentric-
ity of 0.39 versus one of 0.84 for PVO. Thus Magellan will
be providing larger amplitude signatures as well as much
higher quality data.
However, because Magellan's orbit is eccentric, the
gravity resolution is not uniform and is seriously degraded
in the high latitudes due to high altitudes. Figure 2 provides
a comparison of Magellan's eccentric orbit versus a near-
circular orbit which would provide uniform resolution. It is
the ultimate desire of the gravity investigators and their
colleagues in the geophysics community to attain this near-
circular orbit, so all detectable features on Venus can be
resolved uniformly. Therefore, it is proposed that after
May 25, 1993, the project start an aerobraking sequence
that will subsequently place Magellan in a near-circular
orbit.
A study was performed to reveal the strength of this
circular geometry. Theoretical Doppler data were calcu-
lated for the eccentric and the near-circular orbits both
passing over the same Venusian terrain. The terrain be-
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and90° southlatitude.After reductionof thetheoretical
Dopplerdata,thedetectionof thegravityanomaliesfor
eachorbit wasplotted.This is shownin Figure3: the
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Figure 3. Gravity anomaly detection.
well Montes, the largest topographic relief, will be clearly
resolved, as will other features in the polar regions.
W. Sjogren 's biography appeared in the March 1986
V-Gram.
MAGELLAN STEREO IMAGE DATA
Jeffrey J. Plaut
Research Associate, Magellan Science Team, Jet
Propulsion Laboratory
Introduction
Topographic features in radar images are always
distorted to some degree. The amount of distortion depends
on the topographic relief and on the incidence angle of the
observation. During Magellan's extended mission (Cycles
2 and 3), a different viewing geometry was used than in
Cycle 1, providing the opportunity to derive heights and
depths of features at a lateral resolution comparable to that
of the synthetic aperture radar (SAR) images. This article
presents the mechanics of radar "stereo" imaging, along
with a description of the Magellan stereo data set and
examples applying the techniques to Magellan images.
Radar Image DistortionPWhy Stereo Works
The location of a resolution cell in a radar image is
determined across-track by the range (distance) between
the antenna and the feature (measured as a time delay of the
echo), and along-track by the Doppler shift expected for a
given piece of terrain. The range-Doppler coordinate of a
resolution cell can be easily transformed into planetary
coordinates (i.e., latitude and longitude), under an assump-
tion of the large-scale shape of the surface. In the case of
Magellan data, the large-scale shape of the surface (at
scales of hundreds of kilometers) is modeled as gently
sloping (the "topo model") or as a portion of a perfect
planetary sphere.
The use of the range coordinate leads to distortion of
topographic features. For example, high areas will return
an echo sooner than will the surroundings, and thus will be
displaced toward the spacecraft in the image plane. The
opposite is true for low areas. These are the effects known
as "foreshortening" and "elongation." In the extreme case
of foreshortening, an echo is received from the top of a
mountain before the echo from the near-range base of the
mountain, leading to "'layover." Foreshortening and elon-





_., s -_ s = d 1- d 2 = hcotO 2 - hcotO l
---, F hcotO1
hcot@2 h = s
--,'_.. ._"- cot@ 2 - cot@ I
r1,2 P2
R
Solving for heights using same-side stereo images. The problem is to determine the height of point P above
the reference plane, R, using measurements from the stereo image pair. As wavefront Wl intercepts point P,
the projection in range space (i.e., time delay) places the echo from P at point Pl on plane R. Similarly, in the
second image, the echo from point P is placed at point P2- Identify a point r!,2 on the plane R and measure the
distance from r 1,2to P l on image 1, and from r 1,2to P2 on image 2. The difference of these distances (d! - d2)
is s, the parallax of point P. Using the incidence angles of the two observations (O1 and O2), the height of the
feature, h, is obtained by dividing s by the parallax-to-height ratio (cotO2 - cotO!).
they also allow us to determine heights of features with
stereo techniques.
The amount of distortion is a simple function of the
height of the feature and the incidence angle of the obser-
vation (Figure 1). Smaller incidence angles will produce
greater distortion for a given amount of topographic relief.
Thus, by comparin.g the distortion on two images taken at
different incidence angles, a solution of the heights of
features can be obtained.
Terrain relief can also be perceived visually, using
same-side stereo pairs and a stereoscope. The larger inci-
dence angle image (Cycle 1) should be viewed with the left
eye, and the smaller incidence angle image (Cycle 3) with
the right eye. Most people find opposite-side stereo image
pairs difficult to fuse with a stereoscope.
Estimating Heights From Stereo Data
Feature heights may be obtained from same-side
stereo image pairs (Figure 1), such as those from Magellan
Cycles 1 and 3, and from opposite-side stereo image pairs
(Figure 2), such as those from Magellan Cycles 1 and 2, or
2 and 3. In either case, an accurate measurement can be
made only if the two points for which a height difference is
to be found can be identified unambiguously in both
images. Errors in identification of the features will be
propagated as errors in the height determination. The
appearance of features is often more similar in same-side
image pairs than in opposite-side image pairs, making the
height determination easier in the same-side case.
Stereo measurements are best made from high-reso-
lution digital data (e.g., Magellan full-resolution mosaics),
in which the precise pixel location of features can be made
on a video monitor. Hard-copy prints may also be used, but
the image pair must be enlarged to a single scale. Once the
separation of the two features has been measured on the
images and converted to a ground distance, the height
difference is easily calculated, using the parallax-to-height
ratio. The incidence angles of the two observations can be
obtained from the ancillary files on Magellan CD-ROMs.
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Figure 2. Solving for heights using opposite-side stereo images. The problem is to determine the height of point P above
the reference plane, R, using measurements from the opposite-side stereo image pair. As wavefront W!
intercepts point P, the projection in range space (i.e., time delay) places the echo from P at point Pl on plane
R. Similarly, in the second image, the echo from point P is placed at point P2. Identify a point r 1,2on the plane
R and measure the distance from r 1,2to p ! on image l, and from r 1,2to P2 on image 2. The difference of these
distances (d2 - d I) is s, the parallax of point P. Using the incidence angles of the two observations (O 1 and O2),
the height of the feature, h, is obtained by dividing s by the parallax-to-height ratio (cotOl + cotO2).
Note that the parallax-to-height ratio is obtained with a
different formula for same- and opposite-side stereo pairs
(Figures I and 2).
Magellan Stereo Data
Magellan Cycle 1 data were obtained in a left-
looking, variable incidence angle mode. To maximize
image quality and resolution, incidence angles were kept as
large as possible. In Cycle 2 a right-looking mode was used,
in which the incidence angle was kept constant at about 25 °
for most of each orbit. Incidence angles in Cycle 3 were
selected to provide same-side stereo images complemen-
tary to the Cycle I images.
Several complications arise in using Magellan stereo
data for height determinations. First, in most regions, the
SAR imaging data are projected onto a low-resolution
topographic model, derived from pre-Magellan observa-
tions. This was necessary to minimize errors in location of
features in regions where the elevation differed greatly
from the Venus average. At a local scale, the topographic
model does not affect stereo measurements, but at a re-
gional scale, particularly in areas of large relief, height
differences in the topographic model must be added to any
stereo-derived height differences. A second complication
is related to the geometry of the SAR observations and to
the fact that all distortions occur in the cross-track direc-
tion. The look azimuth is generally to the east in Cycles !
and 3 and to the west in Cycle 2, but may diverge slightly
from due east or west, particularly at high latitudes. The
most accurate measurements of relief-related distortion are
made in the cross-track direction, which can usually be
determined by plotting a line perpendicular to the edge of
an orbital swath. In most Magellan mosaics, swath edges
are visible either along data gaps or as "'shading" artifacts.
A third complication occurs when stereo measurements are
to be made between orbital swaths that were processed
using different spacecraft navigation solutions. These "navi-
gation boundaries" can be identified by viewing stereo






asa lineardiscontinuityin relief,parallelto theorbital
tracks.Heightdeterminationsobtainedacrossuchbound-
ariesarelikely tobeunreliable.
Applications of Stereo Analysis
The simplest way to use Magellan stereo pairs is by
visual examination with a stereoscope. A stereoscope is a
device that directs each image of the stereo pair exclusively
to one eye. For most Magellan stereo data, the Cycle 1
image (with a large incidence angle) goes to the left eye and
the Cycle 3 image (with a small incidence angle) goes to the
right eye. When the images are perceived to merge, varia-
tions in relief become apparent in a 3-dimensional image.
In Magellan stereo pairs, the perceived relief relative to the
horizontal scale is usually about six times the actual relief
(Leberl et al., JGR, 1992). For precise determinations of
relief, measurements of parallax should be made on a
computer monitor or on photographic enlargements (see
below).
Another way to obtain a 3-dimensional view of
stereo data is with color anaglyphs and 3-D color filter
glasses. Standard 3-D glasses, with the red filter on the left
side and the blue filter on the right, accomplish the same
effect as a stereoscope by providing each image of the pair
exclusively to one eye. Anaglyphs can be generated on
color video monitors with Magellan digital image data.
Cycle 1 data should be sent to the red channel, and Cycle 3
data should be sent to both the blue and green channels. The
amount of lateral offset between the left and right images
is not important, as long as the eye is able to fuse the images
without too much strain.
Examples of using parallax differences to measure
relief are shown in Figures 3 and 4. Figure 3 is an opposite-
side full-resolution stereo pair (Cycles 1 and 2) of a scal-
loped dome feature at 16°S, 211.5°E. The left image, from
Cycle i, was acquired in the left-looking mode at an
incidence angle of 40 °. The right image, from Cycle 2, was
acquired in the right-looking mode at an incidence angle of
25 ° . The parallax difference between the left edge of the
westernmost pit and the scarp of the dome is 238 - 122
116 pixels. Using the formula in Figure 2, the parallax-to-
height ratio for these images is 3.34. The relief can then be
calculated:
116 pixels • (75 m/pixei)/3.34 = 2605 m
This measurement is consistent with the altimeter
data, which indicate that the dome summit lies 2.2 to
3.0 km above the surroundings.
Figure 4 is a same-side stereo pair (Cycles 1 and 3)
of a caldera (volcanic depression) at 9.5°S, 69.0°E. The
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This is again consistent with altimeter measurements
of the feature.
Digital Elevation Models
Another way that stereo images are used to derive
topographic relief is through automated generation of digi-
tal elevation models (DEMs). In this technique, computer
algorithms are used to match features between the two
images of a stereo pair, calculate the parallax of every pixei,
and generate a topographic map for the entire image. The
calculation is identical to that presented above for manual
derivations of heights and depths of features, but the
automated DEM procedure has the advantage of producing
an elevation measurement for every pixel. Topographic
maps produced in this way have a lateral resolution close to
the image resolution (- 100 m), which is 100 times better
than the typical resolution of the altimeter. Geologists
studying the morphology (shapes) of Venusian surface
features will find the DEMs extremely valuable for their
analyses. Magellan has taken the"problem" of radar distor-
tion and turned it into a stereo '_solution" that greatly
enhances our knowledge of the planet's surface.
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FINAL V-GRAM
The Magellan Project has published the V-Gram
since 1980 to provide information about Venus explora-
tion. Because of budget constraints, this will be our last
issue. We hope the V-Gram has been a valuable and
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